Abstract-Dynamic membranes have been obtained by depositing a polystyrene (PS) layer onto a nylon substrate. The dynamic membrane layer of PS particles on the nylon substrate has been treated using 2450-MHz microwave radiation of a 350 W power in air. It has been found that as a result of the microwave irradiation of the membranes in atmospheric air, the membrane mass decreases to 0.69% of the initial value depending on the treatment time. Scanning electron microscopy examination has shown the formation of agglutinated polystyrene particles and melted and compacted regions on the membrane surface. According to the scanning electron microscopy data, the microwave treatment of the membrane has decreased the roughness of its surface layer by a factor of 8. According to IR data, the action of microwave radiation on the nylon-PS membrane leads to a decrease in the intensity of peaks in a range of absorption bands from 1500 to 3500 cm -1 . An observed increase in the membrane flux by microwave irradiation for up to 10 min has been associated with the etching of membrane surfaces, whereas a decrease in the flux after irradiation for 20 min is explained by the compaction and melting of particles in the dynamic layer. The stability of the dynamic layer has been established by examining the flux of the membrane and changes in its mass after backwashing with a detergent solution. It has been found that the stability of the dynamic layer of the nylon-PS membrane is achieved with microwave irradiation for 5 min. An increase in the treatment time increases the degree of surface etching and leads to the formation of defective areas in the dynamic membrane layer. The microwave-irradiated dynamic nylon-PS membrane has been used to separate a water-oil emulsion. The degree of separation of the emulsion was 96.1% at a membrane flux of 19.1 dm 3 m -2 h -1 .
INTRODUCTION
The separation of stable water-oil emulsions (WOEs) by membrane methods leads to a sharp decrease in the flux of membranes and requires higher operating pressures for membrane processes. In addition, mechanical impurity particles remain in membrane pores and the regeneration of membranes with surfactant solutions does not always lead to the restoration of the initial flux [1] [2] [3] .
To increase the flux of membranes, their surface layers are modified using chemical (surface etching with acids, alkalis, etc.) and physical (plasma in various atmospheres, electromagnetic radiation, corona discharge, etc.) methods. As a result of modification, the surface properties (wettability, porosity, roughness, pore size, and conductivity) [4] [5] [6] [7] and performance characteristics of membranes change.
In recent years, a particular type of composite membranes-dynamic membranes, which are used in microfiltration, ultrafiltration, nanofiltration, and reverse osmosis [8] [9] [10] [11] [12] -has found wide applications. Ultra-and microfiltration membranes play a significant role in industry, and they are used for the separation of suspensions and emulsions and for water purification to remove petroleum products, dyes, etc. Dynamic membranes are a specific type of membranes obtained by filtering a solution containing either inorganic or organic compounds through a porous substrate. This type of membranes has several advantages: the formation of a dynamic layer is simple; no expensive equipment and materials are required; and the dynamic layer can be replaced with a new layer when the membrane surface becomes polluted. This membrane preparation method has advantages over other methods in terms of asymmetry control and the easy adjustment of pore size and membrane thickness.
Inorganic or polymeric materials are used as substrates for the production of dynamic membranes, for example, pipes of porous stainless steel or ceramics; polymer membranes of polysulfone, cellulose acetate, polydimethylsiloxane, polyvinyl chloride, etc.; woven fibers and nonwoven materials; and pipes of sintered polyethylene, polypropylene, polyvinyl chloride, etc. [8] [9] [10] [13] [14] [15] [16] [17] .
The oxides of zirconium, manganese, and aluminum; clays; organic polyelectrolytes; methyl methacrylate; acrylic acid; divinylbenzene; styrene; polytetrafluoroethylene; polydimethylsiloxane; polyvinylidene chloride; polycarbonate; and other chemicals were used for the formation of a dynamic layer of membranes in various studies [8] [9] [10] [11] [12] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
In this work, we studied dynamic membranes with a surface layer of polystyrene (PS) formed from the dispersed phase of a PS suspension in acetone for the separation of water-oil emulsions. The PS particles were distributed on the substrate surface to form spaces and channels that make it possible to retain and adsorb dispersed phase particles.
Previously [8] , we found that after applying a dynamic layer of PS, the degree of separation of a water-oil emulsion with particle sizes of 133-456 nm increased by 62%; the membrane surface became hydrophobic and less susceptible to contamination, as compared with the original. However, we did not study the resistance of the dynamic layer to backwash detergent solutions and ways to increase its stability.
Chemical polymerization (crosslinking) [9, 11, [21] [22] [23] , heat treatment [10, 12, 18, 24] , and photochemical polymerization (UV radiation) [10] are carried out to stabilize the dynamic layer of the membrane.
In recent years, microwave (MW) electromagnetic radiation has become widely used for treating polymeric materials [25, 26] . In this case, the so-called nonthermal modification of polymers is of the greatest interest, when the amount of microwave energy absorbed by a substance does not lead to a significant change in the temperature of the material, but there is a significant change in physicomechanical properties. According to published data [26] , the penetration depth of microwave radiation into polymeric materials at a radiation frequency of 2.45 GHz is 10 cm for polyvinyl chloride, 28 cm for polyethylene terephthalate, 34 cm for polypropylene, or 41 cm for polyethylene.
In various studies, microwave radiation is used for both the polymerization of a monomer on the substrate surface [27] [28] [29] and the etching of membrane surfaces in different atmospheres [30] . The microwave treatment of polymer membranes leads to an increase in flux, a change in surface wettability, and an increase in polymer crystallinity.
In this context, the aim of this work was to study the effect of microwave radiation on the technical and technological characteristics of nylon-PS membranes and to examine how to enhance their resistance to backwashing with cleaning solutions.
EXPERIMENTAL
In this paper, we proposed a method for stabilizing a dynamic membrane layer of polystyrene on a nylon substrate using microwave radiation.
Nylon microfiltration membranes with a pore size of 0.45 μm were used as the initial substrate onto the surface of which a dynamic layer was deposited. The dynamic layer was obtained by forming a semipermeable layer from PS microparticles with sizes from 81 to 504 nm suspended in a filtered aqueous acetone solution on the porous substrate surface (Fig. 1) , which was in dynamic equilibrium with the solution.
The suspension was obtained by dissolving PS in acetone (1% PS solution); then, distilled water was added to the solution in a ratio of 1 : 1. Next, 10 cm 3 of the membrane-forming suspension was passed through a porous nylon substrate under a pressure of 0.02 MPa. The resulting membranes were held at room temperature for 2 h and then dried in a TS-200 SPU thermostat at a temperature of 28 ± 0.5°С for a day; the finished membranes were stored in a desiccator. The percentage of PS in the membrane was determined by gravimetry based on membrane weights before and after the modification. The measurements were carried out on an analytical balance until a constant membrane weight was obtained. In order to stabilize the dynamic layer, the membrane was treated with microwave radiation in the decimeter wavelength range in an air atmosphere using an MS-6 laboratory microwave system. The treatment was carried out with the following parameters of the MS-6 system: power, 350 W; operating frequency, 2450 MHz; temperature, 25°С; and irradiation time, from 5 to 20 min. The irradiated membranes were stored in a desiccator. The influence of microwave radiation on the weight of the membranes was determined using an analytical balance with an accuracy of 0.00001 g based on changes in the weights of the membranes before and after treatment.
The stability of the dynamic layer was evaluated from changes in the membrane flux and weight after backwashing with detergent solution under the same conditions (distilled water, a pressure of 0.1 MPa, and a temperature of 25°С).
To determine changes in the composition of the dynamic nylon-PS membrane after microwave treatment, the IR spectra of the samples were measured in the frequency range of 600-4000 cm -1 using an InfraLYuM FT-08 Fourier-transform IR spectrometer.
Changes in the surface structures of the membranes were detected using a Carl Zeiss LEO-1430 VP scanning electron microscope. The samples were glued onto aluminum plates; and the membrane surface was decorated with gold by cathode sputtering in an argon atmosphere and examined under high-vacuum conditions.
Information on the supramolecular structure of the test membranes was obtained by scanning electron microscopy using a Veeco Multi Mode V microscope; the surface roughness and the presence of surface deformations in the membranes as a result of microwave irradiation were determined.
The particle size of the dispersed phases of the emulsions and suspensions was determined by dynamic light scattering (DLS), and the ζ potential was determined by phase analysis light scattering (PALS) with the aid of a Nano Brook Omni analyzer.
The nylon-PS membranes treated with microwave radiation were used to separate water-oil emulsions. The main characteristics of the membrane separation of emulsions were the membrane flux and the rejection ability, which was calculated as the ratio between the concentrations of petroleum products in the emulsion before and after separation determined using a KN-3 concentration meter.
RESULTS AND DISCUSSION
We determined changes in membrane weights after the microwave irradiation of nylon-PS dynamic membranes (Table 1) .
From the data of Table 1 , it follows that as a the microwave irradiation of the membranes in an air atmosphere results in a decrease of the membrane weight to the level of 0.6 to 0.69% of the initial value depending on the treatment time. This change can be explained by the etching of a surface layer of the membrane.
The surface image and the topography of the above membranes obtained by scanning electron microscopy (SEM), which are shown in Fig. 2 , are indirect evidence for the effect of microwave radiation on the surface of a nylon-PS membrane.
The surface height at a given point relative to the base plane was taken into account as the main topographical parameter; in this case, the base plane was a plane in contact with the lowest point of the surface under consideration.
From Fig. 2a , it follows that the nylon substrate mainly had protrusions of 0.25 to 1.5 μm above the baseline. The application of a dynamic polystyrene layer onto the surface of a nylon substrate ensured that the height of protrusions in the modified sample mostly varied from 0.75 to 2.75 μm, and the roughness of the largest number of protrusions was 1.25 and 2 μm (Fig. 2b) , which indicates the adhesion of polystyrene on the nylon substrate surface. The microwave irradiation of the nylon-PS membrane in atmospheric air for 5 min decreased the height of protrusions above the baseline; it ranged from 0.1 to 0.7 μm, and the roughness of the largest number of protrusions was 0.25 μm (Fig. 2c) . Correspondingly, the membrane roughness decreased by a factor of 8 as a result of the microwave irradiation of the membrane.
The effect of microwave radiation on the surface of the dynamic membrane was studied by scanning electron microscopy (SEM). Figure 3 shows the surface images of the nylon membrane, the initial dynamic nylon-PS membrane, and the membrane modified by microwave radiation in air at a magnification factor of 3000. After applying a dynamic layer of PS, the surface and pores of the nylon substrate were covered with PS particles of 81 to 504 nm in size, a decrease in the pore size was observed (Fig. 3b) . Figure 3b also shows the presence of larger single particles of PS with a size up to 1.5 μm. The microwave irradiation of the nylon-PS membrane for 5 min led to the formation of agglutinated and melted areas on the membrane surface (Fig. 3c) .
Microwave radiation had no effect on the structure of the polymer constituents of the membrane, as confirmed by the IR spectra of the original nylon-PS membrane and the sample after microwave treatment for 5 min. Figure 4 shows the IR absorption spectra of the initial membrane and the nylon-PS membrane after microwave irradiation in air.
The microwave treatment of the nylon-PS membrane for 5 min in atmospheric air decreased somewhat the intensity of the IR spectra in the absorption range of 1500 to 3500 cm -1 . A shift of the base of the absorption band at 690 cm -1 , which is characteristic of the out-of-plane deformation vibrations of C-H bonds, was also observed [31] . The change in the intensity of IR absorption bands after the microwave irradiation of the nylon-PS membrane in air was associated with the etching of the surface and the destruction of defective areas in the surface layer of the membrane.
Then, we determined the pure water fluxes of the initial and MW-treated dynamic nylon-PS membranes ( Table 2) .
The pure water flux of the initial nylon membrane was 5490 dm 3 m -2 h -1
, and it decreased by a factor of 12 to 803 dm 3 m -2 h -1 after deposition of a dynamic polystyrene layer. The flux increased by 17 and 12% after the microwave irradiation of the nylon-PS membrane for 5 and 10 min, respectively, whereas it decreased by 15% after 20-min microwave irradiation. The increase in the membrane flux by microwave irradiation up to 10 min is supposed to be due to the etching of the membrane surface, and the decrease in the flux after treatment for 20 min can be explained by the compaction and melting of dynamic layer particles.
To determine the stability of the dynamic membrane layer, the membrane was backwashed with a 5% solution of sodium dodecyl sulfate, and the membrane flux was determined (Table 3) .
According to Table 3 , the flux of the nylon-PS membrane increased by a factor of 4.3 as a result of backwashing with the detergent solution, thereby indicating the fact of partial destruction of the dynamic 3 . Electron micrographs of (a) the initial nylon membrane, (b) the dynamic nylon-PS membrane (magnification factor, 3000), and (c) the nylon-PS membrane treated with microwave radiation for 5 min (magnification factor, 3000).
layer. After microwave irradiation for 5 min, the flux remained at the same level; as the MW treatment time was increased to 10 or 20 min, the flux increased by a factor of 3.9 or 5.6, respectively. The stability of the dynamic layer of the nylon-PS membrane was achieved upon treating with microwave radiation for 5 min. An increase in the treatment time increased the degree of surface etching and led to the formation of defective areas in the dynamic membrane layer. Subsequently, by the action of pressure in the membrane separation or backwashing processes, cracks were formed in the dynamic layer to cause an increase in permeability of the membrane.
The formation of cracks in the dynamic membrane layer can be explained on the basis of the results given in Table 4 . Thus, the weight of the initial nylon-PS membrane decreased by 0.84% after backwashing with a cleaning solution due to flushing the PS particles, whereas the weight of the MW-treated membranes after backwashing remained unchanged.
To determine the WOE separation parameters, other samples of microwave-treated nylon-PS mem-branes were used; they were obtained under identical conditions. Table 5 summarizes the results of the determination of the membrane flux in the separation of WOEs, and Table 6 gives the degrees of separation of a 1% WOE in terms of oil content.
The flux of microwave-treated dynamic nylon-PS membranes in the separation of WOEs is comparable with that of the untreated nylon-PS membranes. After backwashing with the cleaning solution, the flux of nylon-PS and nylon-PS-10 membranes increased by factors of 6.2 and 5.1, respectively, due to the degradation of the dynamic membrane layers.
The data in Table 6 clearly show that the degree of oil removal from WOEs is decreased slightly (by no more than 1%) by microwave treatment. The degree of oil removal from a 1% WOE using the dynamic nylon-PS membrane treated with microwave radiation for 5 min was 96.1%.
After the backwashing of the nylon-PS membrane and the nylon-PS-10 membrane treated with microwave radiation for 10 min, the oil rejection ability of the membranes decreased by 31.5 and 14.8%, respectively ( Table 7 ). The degree of separation of the emulsion with the nylon-PS-5 membrane after backwashing with the surfactant solution remained at the same level. Nylon-PS MW-irradiated for 5 min Nylon-PS 
CONCLUSIONS
The dynamic PS layer formed on a nylon substrate was stabilized by microwave irradiation in the decimeter wavelength range under the following conditions: a microwave power of 350 W, an operating frequency of 2450 MHz, and an optimal treatment time of 5 min. The intense etching of the dynamic layer and the formation of defective areas occurred as the treatment time was increased. The layer was broken by the action of pressure as a result of backwashing with a cleaning solution, as confirmed by an increase in the membrane flux and the stability of membrane weight. In the case of the initial membrane after backwashing, a decrease in its weight was observed. The SEM data indicated that the action of microwave radiation on the membrane decreased the surface roughness and facilitated the formation of adherent PS particles and melted areas on the surface layer. ACKNOWLEDGMENTS This work was supported by the Kazan (Volga Region) Federal University. 
